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Introduction
Cubic boron nitride (cBN) based composites are widely used for cutting of superalloys and hardened steels due to their good thermal conductivity and high oxidation resistance. Sintering of pure cBN is complicated even under highpressure high-temperature (HPHT) conditions [1] . Therefore, to assist sintering and improve properties of the composites, additional binder materials are introduced. Binders are classified in two groups: metallic and ceramic.
Powders of high purity metals (Ni, Co, Cr, Fe) are used as a metallic bonding media [2] . Alternatively, Ti and Al are used for reaction sintering with cBN [3] [4] [5] . During sintering in the cBN-Ti system, titanium reacts with BN matrix forming TiN and TiB2. The TiN and TiB2 phases are uniformly distributed in cBN intergrain space [6] [7] [8] . The hardness of this composite without heat treatment is higher than in elemental Ti [9] .
The same tendency exists in the systems sintered with aluminum. Molten Al reacts with cBN to form residual binder phases AlB2 and AlN. Presence of aluminum compounds increases the thermal stability of final materials. In addition, at high sintering temperature, aluminum can react with residual oxygen from the micropores and form Al2O3 [10] . In the past few years many researches were conducted to clarify the properties of cBN-based materials with elements from IV-VI groups of the Periodic table, mostly with Ti compounds [11] [12] [13] . Zhang et al. reported on the formation of residual phases in the cBN-HfC-Al system during sintering under a high static pressure of 5 GPa. At 700°C cBN reacted with components of the mixture and produced AlN, AlB2, HfB2 and B2C5N2. The highest value of hardness 25 GPa was obtained in the system with 70 vol.% of cBN at 1500°C [14] . The authors reported on the formation of Cr6.2C3.5N0.3 during HPHT sintering of cBN-Cr3C2 (90 vol.% of cBN) [15] . The average hardness of cBN-Cr3C2 (50 vol.% of cBN) was 22 GPa.
Ultrahard cNB grains have the greatest influence on the hardness of the final product. In accordance with the approximated Hall-Petch equation [16] , the hardness of the composites is inversely proportional to the square root of the grain size. That is why we used ultrafine cBN powders and Cr3C2, Cr2N, CrB2 compounds as binder materials.
Experimental procedure

Preparation of mixtures
The starting materials used for this work were crushed cBN powders of grades 1-2 and M2-4 (Element Six), Cr3C2 (ABCR), Cr2N (Onyxmet), Cr2B (Oxynmet) and aluminum flakes (99.7% metals basis, APS 11 μm, produced by ABCR). Particle size distribution analysis (using Malvern Mastersizer 2000 particle size analyser) and XRD analysis were carried out for initial binder materials. Average particle sizes were 1.6 μm for Cr3C2, 4 μm for Cr2N and 6-7 μm for Cr2B. Chromium nitride and chromium boride binders require milling. Milling of powders was conducted in a Fritsch planetary mill (Pulverisette 6 classic line) equipped with hard tungsten carbide bowl and balls (Ø5-6 mm). Wet milling was carried out for 8 hours at a rate of 200-250 rpm in isopropyl alcohol. Average particle sizes after milling were 2.0 μm for Cr2N and 1.8 μm for CrB2. XRD analysis was used to evaluate the traces of milling bodies. For mixture preparation the following ratio was chosen: cBN : binder phase : Al = 60 : 35 : 5 vol.% Mixtures were homogenized in a gravitational mixer for 3 hours and at 120 rpm. Isopropyl alcohol was used as a mixing medium. After mixing, the mixtures were dried for 8 hours and re-sieved through a sieve.
Samples sintering
Dried mixtures were placed in the graphite heater and covered by a graphite disk for vacuum annealing (blue lines on Figure 1 ). Vacuum annealing of the green body was carried out in an SShVL vacuum furnace. The vacuum reached 10 −5 atm, annealing temperature was 600°C and duration 2 hours. Next the heat-treated green bodies were inserted in high-pressure cells ( Figure 1 ). Sintering was conducted in a toroidal high-pressure apparatus HPA-TOR30 [17] under a pressure of 7.7 GPa. Sintering temperatures were selected in the range of 1600-2450°C with a step of 150°C. The duration of the heating cycle was 45 s, then the power in the circuit was slowly decreased and the pressure released. The obtained samples were ground to RNGN090300T cutting insert shape. 
Samples characterization
Phase composition of the sintered samples was determined using a STOE STADI MP X-ray diffractometer (XRD) in Cu Kα radiation. Prior to microscopy and indentation studies the samples were polished with diamond suspension (9 μm and 1 μm) and silica colloidal solution (0.04 μm) using a Struers Tegramin. LEO 1560 scanning electron microscope (SEM) was used for microstructure analysis. Olympus 38D Plus was used for ultrasonic measurements of elastic moduli. Microhardness and fracture toughness were determined using a THV-30MDX Vickers hardness tester. The load on the indenter was 1 kg for measuring hardness and 5 kg for fracture toughness, the dwell time was 15 s. Alicona InfiniteFocus was used for measurements of indentation imprints.
Round RNGN090300T inserts were placed on CRSNL3225P09 toolholder. Cutting conditions corresponded to a finishing operation where feed rate and depth of cut were kept constant f=0.15 mm/rev and ap=0.3 mm. Longitudinal turning tests were conducted on Torshalla CNC lathe. Two workpiece materials were chosen for the tool life testing: austenitic stainless steel AISI 316L and hardened hot work tool steel Vanadis 4E (HRC 60). Two cutting speeds were employed for machining 316L: vc =500m/min and vc =300m/min. When hard machining Vanadis 4E, the following cutting speeds were used: vc =200m/min and vc =150m/min. All tests were conducted with 8% synthetic oil-based emulsion coolant. Machining tests for Vanadis 4E were conducted for a fixed tool engagement length of 600 m, while AISI 316L tests were done for a fixed machining time of 30 sec. Afterwards, the tools wear was measured on Olympus SZX7 stereo microscope. Figure 2a shows the XRD patterns of the samples of cBN-Cr3C2-Al system sintered under 7.7 GPa at different temperatures. The initial powder mixture consists of cBN and Cr3C2 (tongbait), small quantity of aluminium introduced to the mixture is not detected by XRD. Phase composition remains unchanged as long as sintering temperature remains below 2150°C. At this temperature, chemical interactions between the components begin and the formation of CrB2 and AlN is observed. In addition, some Cgraphite appears at the highest sintering temperature. It can be assumed that Cgraphite might be present even at lower temperatures (2150-2300°C), but its amount is insufficient for detection by XRD. The interactions occur according to the following reaction: 6BN + Cr3C2 + 6Al → 3CrB2 + 6AlN + 2Cgraphite XRD patterns of the samples of cBN-Cr2N-Al system sintered at 7.7 GPa are shown in Figure 2b . Analysis of the initial Cr2N powder after milling shows that it consists of two chromium nitride phases: CrN (Pm3m with lattice parameters а = 4.1759 Å) and Cr2N (P-31m with lattice parameters а = 4.8260 Å, c = 4.5091 Å). Therefore, the initial powder mixture (T = 20°C in Figure 2b ) consists of cBN, Cr2N, CrN and Al (the latter is not identifiable with XRD). When applying pressure and temperature, interactions between cBN and chromium nitride were not observed. Thermobaric sintering have no impact on the phase composition of samples in cBN-Cr2B-Al system, we do not observe any interactions between components of the mixture. cBN-Cr3C2-Al system. At relatively low sintering temperatures ( Figure 3a ) the cBN phase has sharp grain boundaries, which confirms the absence of interaction between components. The light grey areas correspond to Cr3C2. When chemical interactions begin, the morphology of cBN grains changes to more a round shape (Figure 3d ). Reaction products CrB2 and AlN agglomerate at the interface boundaries.
Results and discussion
Phase composition
Microstructure
cBN-Cr2N-Al and cBN-CrB2-Al systems. General view of microstructure does not change even at high sintering temperature. The cBN grains are uniformly surrounded by the binder phase and do not change the morphology. 
Mechanical properties
Measurements of the green compact obtained under a pressure of 7.7 GPa but without heating show that its density is 25-30% lower than the full-dense body (Figure 4a ). After heating to 1600°C the density reaches 90-97% of the theoretical value. Further increase of sintering temperature does not significantly affect the density.
Elastic moduli of the sintered samples of cBN-Cr3C2-Al system have a two-step change. The first stage is a sharp increase of Young's modulus from 450 GPa to 550 GPa in the temperature range of 1600-1850°C (Figure 4c ). The second stage is observed when the chemical reaction between components takes place. The elastic modulus decreases at 2150°C and increases again at higher sintering temperatures. This can be explained by the increment of the volume of reaction products. Young's modulus in the cBN-Cr2N-Al system is not subject to temperature influence and remains at around 570 GPa throughout the whole series of experiments. The samples from cBN-CrB2-Al system have the highest level of Young's modulus. Both systems have the same tendency for the growth of shear modulus with increase of the sintering temperature (Figure 4b ).
For estimation of the predicted hardness of sintered composites, we used a model of a simple mechanical mixture. This model does not take into account the strength of the interphase boundaries and products of chemical interactions which may take place in the mixture. As a result of the calculations, it can be assumed that the predicted value of hardness is 30 GPa for cBN-Cr3C2-Al, 32 GPa for cBN-Cr2N-Al and 33GPa for cBN-CrB2-Al. Comparing the experimental results with predictions, we can assume that at low sintering temperatures (1600°C) the interphase boundaries are still weak. The measured hardness of samples are lower than the predicted value. When the temperature increases up to 1850°C, the interphase boundaries attain sufficient strength, so that the hardness is comparable to the predicted value. So, the experimental hardness is higher than the predicted one and is in the range of 31-37 GPa depending on the system ( Figure 5 ). The maximum hardness for the systems with carbide and nitride bonds is observed at 2000°C. Sintering at higher temperatures leads to reduction of the crystal defect density. As a consequence, recovery and potentially recrystallization is occuring and this leads to material softening. Increasing of the defectivnes of the structure promote the movement of dislocations in the material and this effect on the hardness. The highest and most stable value of fracture toughness observed for the cBN-Cr3C2-Al system is 5.5 MPa·m 1/2 ( Figure  5b) . A typical indentation imprint is shown in Figure 5c . Figure 6 Tool wear development when machining 316L with samples from cBN-Cr3C2-Al system (a) cBN-Cr2N-Al system (b) and cBN-CrB2-Al system (c)shows the tool wear development for the investigated systems during machining stainless steel AISI 316L at two cutting speed levels. General trends are clearly visible for all tested systems. Firstly, all samples sintered at 1600°C, with correspondingly lowest mechanical and physical properties, demonstrated the most intensive tool wear. Similar behavior is also observed for the samples sintered at 1850°C, even though they are more densified (Figure 4a) . Secondary, the lowest values of tool wear are observed for the samples sintered at temperature range 2000-2150°C, they have the highest level of mechanical properties and relative density around ~97%. Flank wear for samples sintered with Cr3C2 and Cr2N binders at temperatures above 2000°C is not particularly effected by cutting speed. System cBN-CrB2-Al has significantly accelerated tool wear at cutting speed of 500m/min (Figure 6c ). Figure 7 depicts the light optical micrographs of the flank face of the work tools. It can be assumed that in machining of AISI 316L the prevailing wear mechanism is the diffusional and chemical as in the other cases when machining austenitic materials [18] . Optical images of the flank wear (Figure 7c, f) confirm, relative to the other investigated systems, more intensive material degradation. When machining Vanadis 4E tool wear development is significantly higher in systems with CrN and CrB2 binders, as compared to the system with Cr3C2 ( Figure 8 ). As expected, tool wear in all systems is lower under lower cutting speed. Optical images of worn tool in system with CrN shown complete failure of the cutting tool after 600m of engagement length on Vanadis 4E (Figure 9 b,e). When analysing the results of the tool wear testing it can be concluded that the samples in cBN-Cr3C2-Al system at temperatures above 2000°C shows the lowest level of tool wear (Figure 9 a,d ). Flank wear observed in cBN-CrB2-Al system is slightly bigger while machining of Vanadis 4E (Figure 9c,f) , in addition to the good results demonstrated during machining of AISI 316L. Since the microstructure of Vanadis 4E steel contains abrasive particles (MC carbides), it can be assumed that the dominant wear mechanism is abrasive wear [19] , is combination with diffusional wear [20] . It should be noted that despite the observed superior mechanical properties of the obtained PcBN materials in the designated systems their performance in machining operations of AISI 316L and Vanadis 4E workpiece materials was significantly less than the acceptable industrial standard. This is most likely related to the reduced chemical stability and higher diffusional wear of the binder systems compared to the commercial TiC or Ti(C,N) binders.
Cutting performance
Conclusions
The optimal temperature range for sintering of superhard cBN-based materials with Cr3C2, Cr2N and CrB2 binders under a pressure of 7.7 GPa is 1800-2150°С. Interactions between components of the mixture occur in the cBN-Cr3C2-Al system. At sintering temperatures above 2150°С, CrB2 and AlN are formed, which affects the cBN grain morphology and leads to degradation of the mechanical properties. HPHT sintering in the cBN-Cr2N-Al and cBNCrB2-Al systems takes place without chemical interaction. The highest value of the hardness is observed for the composites with Cr3C2 and CrB2 binders sintered at a temperature of 2000°C.
The highest tool wear resistance is demonstrated by the tools sintered at 2000-2150°С. During machining of AISI 316L this applies to all systems except cBN-CrB2-Al, while for machining Vanadis 4E this applies only for tools in the cBN-Cr3C2-Al system.
